The use of functional imaging in radiotherapy treatment (RT) planning requires accurate co-registration of functional imaging scans to CT scans. We evaluated six methods of image registration for use in SPECT-guided radiotherapy treatment planning. Methods varied in complexity from 3D affine transform based on control points to diffeomorphic demons and level set non-rigid registration. Ten lung cancer patients underwent perfusion SPECT-scans prior to their radiotherapy. CT images from a hybrid SPECT/CT scanner were registered to a planning CT, and then the same transformation was applied to the SPECT images. According to registration evaluation measures computed based on the intensity difference between the registered CT images or based on target registration error, non-rigid registrations provided a higher degree of accuracy than rigid methods. However, due to the irregularities in some of the obtained deformation fields, warping the SPECT using these fields may result in unacceptable changes to the SPECT intensity distribution that would preclude use in RT planning. Moreover, the differences between intensity histograms in the original and registered SPECT image sets were the largest for diffeomorphic demons and level set methods. In conclusion, the use of intensity-based validation measures alone is not sufficient for SPECT/CT
registration for RTTP. It was also found that the proper evaluation of image registration requires the use of several accuracy metrics.
(Some figures in this article are in colour only in the electronic version)
Introduction
The objective of radiotherapy treatment planning (RTTP) is to deliver a therapeutic dose of radiation to the target, while minimizing the risk of complications due to the irradiation of normal tissues within the body. In current clinical practice, 5-20% of patients treated with radiation for intrathoracic malignancies, such as lung cancer, develop symptomatic lung complications. Currently, the radiation burden on the lungs of a patient is calculated as the volume of lung receiving more than a certain dose during therapy. A commonly used example of this is V20, wherein the percentage volume of healthy lung receiving at least 20 Gy has been found through population studies to be unlikely to cause severe radiation pneumonitis at levels less than 30% (Graham et al 1999) .
The V20 metric is flawed in that lung volume is used as a surrogate for lung function. The inadequacy of this assumption has been demonstrated in a number of studies reporting higher incidence of radiation pneumonitis occurring in the lower half of patients' lungs compared to lung apices (Yorke et al 2002 , Seppenwoolde et al 2004 . Marks et al (1999) have demonstrated that the incorporation of perfusion single photon emission tomography (SPECT) imaging using macro-aggregated albumin (MAA) has the potential to reduce treatment-related morbidity for patients with lung cancer. The viability of this approach was shown by Seppenwoolde et al (2004) who reported that combining the local perfusion data with mean regional dose explained some of the differences in radiosensitivity between posterior and anterior lung. Image registration of SPECT images to RTTP images allows planners to identify sites with high or low perfusion values, and should result in plans with the lowest possible radiation burden to lung function, and therefore lowest complication rates.
Using SPECT in RTTP, however, requires careful registration of functional SPECT images with anatomical CT images that are used for therapy planning. When SPECT images are acquired using a hybrid SPECT/CT camera, this registration is relatively easier than it is in situation when only SPECT data are available, as it can employ CT-to-CT registration. In this case, the CT set acquired from a hybrid SPECT/CT scan is first registered to the RTTP CT. The same transformation and warping obtained from this registration is then applied to the SPECT images so that they too are registered to the RTTP CT. Several methods of registering images exist. Previously reported clinical studies used point-based registration and rigid registration (Christian et al 2005 , Lavrenkov et al 2007 ) using either fiducial markers placed physically on the skin, or using anatomical and physiological landmarks that have been identified manually as corresponding pairs in both CT images. Automated non-rigid registration methods resolve a displacement field such that when it is applied to one image, the image becomes aligned with the target image. Non-rigid methods often involve a set of parameters that control the amount of regularization being enforced on the displacement field; these will affect the resulting spatial transformation or the corresponding displacement vector field. We performed initial experiments to empirically determine the values for these parameters that would allow us to successfully register our image sets, but would not restrict the transformation excessively.
In this paper, we report on the use of six registration methods to register CT images for the purpose of aligning the corresponding SPECT images to the planning CT. The methods used vary in their complexity from the simplest rigid co-registration, to 3D affine transform based on control points placed on the skin or lung landmarks, to nonrigid registration using a B-spline transformation, or diffeomorphic demons and level set non-rigid registration. We evaluate the quality of co-registration using various validation metrics.
Methods
Institutional ethics approval was acquired prior to recruiting patients.
Image acquisition and reconstruction
Ten patients (six males aged: 50 ± 10 years, four females 40 ± 10 years) recently diagnosed with lung cancer and referred for radiation therapy consented to have a perfusion SPECT scan for the purpose of this study. Nine of these patients were diagnosed with non-small cell lung cancer (NSCLC) and one with small cell lung cancer (SCLC). In order to localize the tumor volume and set up radiation fields, a conventional planning CT scan was performed with patients in the treatment position: patients lay down supine on a flat bed with head rest and knee supports. Arms were raised and supported above the head. The CT scan was reconstructed to matrix size of 512 × 512 × 80 voxels, each of size 0.96 × 0.96 × 5 mm 3 ). Treatment planning and dose calculations were performed on this CT set. Thus, it was selected as the fixed CT image in the image registration. Radio-opaque markers were placed on the skin of each patient as a reference for subsequent SPECT/CT scans and treatments.
The perfusion SPECT scan was acquired prior to radiation therapy. The SPECT scanner bed was fitted with a flat couch top to ensure that the patients' position is consistent with the RT treatment position. The same immobilization device and arm support were used in both the SPECT scan and planning CT scan. In each case, 185 MBq of 99mTc-macroaggregated albumin (MAA) was injected intravenously. The lung perfusion scan was acquired using the Infinia-Hawkeye SPECT/CT camera (GE Healthcare) with the low-energy high-resolution (LEHR) collimator. The detectors were positioned in H-mode (relative angle 180
• ), the acquisition matrix was 128 × 128 and a total of 120 projections (60 camera stops per head) with 20 s/stop were acquired over a total of 360
• camera rotation with a non-circular orbit (NCO). The perfusion SPECT image acquired from this scan (which we labeled the moving SPECT image) was reconstructed to a matrix of dimensions 128 × 128 × 128 voxels, each 4.42 × 4.42 × 4.42 mm 3 . The reconstruction was performed using the ordered subsets expectation maximization (OSEM) algorithm which incorporated resolution recovery (RR) as well as corrections for attenuation and scatter (SC) (Vandervoort et al 2005) .
The SPECT scan was followed by a low dose CT scan performed with the same SPECT/CT camera. This CT dataset (labeled moving CT image) was of dimensions 256 × 256 × 40 voxels (each 2.21 × 2.21 × 10 mm 3 ) and was subsequently used for creation of the patient-specific attenuation map and for planning-CT to SPECT co-registration. SPECT, planning CT and low-dose CT scans were all performed while the patient was free breathing. ('skin method') . This method was previously used to register SPECT images from a stand-alone SPECT scanner with no CT capability (Christian et al 2005 , Lavrenkov et al 2007 . A set of 8-12 control points on the skin contour was selected to resolve a 3D affine transform that minimizes the distance between the corresponding control points in a least-squares sense. ('lung method') . This method employs the same approach to find image transformation as the 'skin method'. But here, instead of selecting control points on the radio-opaque markers, these were manually located within the lung in the SPECT CT and RTTP CT scans.
Image co-registration methods

Skin control point-based registration
Lung control point-based registration
Rigid registration ('rigid').
The fixed CT image and moving CT image were transformed rigidly to minimize the negative value of the mutual information (MI) metric between the two images (Mattes et al 2001) . A regular step gradient descent optimizer was used to drive the optimization with maximum step length 0.15, minimum step length 5 × 10 −6 and 200 iterations.
B-spline non-rigid registration ('B-spline').
We employed a gradient-descent-based optimizer to resolve the parameters of a B-spline transform that minimizes the negative value of the MI metric as in rigid registration. The combined use of B-spline regularization and MI was found to be suitable for CT lung registration by De Craene et al (2006) . Two levels of registration were used with the first and second levels using 15 and 34 nodes on the B-spline grid respectively.
Diffeomorphic demons non-rigid registration ('demons'
). This is an optical-flowlike technique which has been applied to lung CT registration by Wang et al (2005) . We used the diffeomorphic version of this technique as done by Vercauteren et al (2007) , which ensures that the computed transformation has a differentiable inverse so that the topology of anatomical structures is preserved after registration. Two levels of registration were used with 25 iterations in each level. Maximum update step length was set to 2.
Level set non-rigid registration ('level set'
). This method is in essence a more efficient and computationally faster version of the demons method, wherein a level-set model is used to model deformations (Vemuri et al 2000) . Two levels of registration were used with 25 iterations in each level. The deformation field was smoothed with a smoothing kernel (standard deviation set to 2) during the iterations.
Registration evaluations
The results for CT-CT registration can be evaluated qualitatively or quantitatively using different figures of merit. The success of registration for our purposes also requires that the deformation field, when applied to the SPECT images, creates valid (clinically realistic and acceptable for use in therapy planning) images. For non-rigid registration, if the regularization on the displacement field is insufficient, folding and discontinuities may result in the generated displacement field (e.g. displacement vectors of two adjacent voxels may cross over each other) such that applying them to SPECT images would yield false or implausible activity counts or activity distributions.
A common quantitative assessment of image registration is to calculate the target registration error (TRE) using two sets of corresponding landmarks identified in the registered images by clinical experts (Fitzpatrick et al 1998) . This approach is not suitable for lung images, however, as reproducible identification of landmarks in lung is difficult. A variety of automatic image registration metrics (Wang et al 2005 , Vemuri et al 2000 , Urschler et al 2007 can be calculated from a registered image pairs; these include: RMS int -the root mean square of intensity differences, MAD int -median-absolute deviation of intensity differences, and MID int -maximum intensity differences. The corresponding equations for RMS int and MAD int are
where I F (x) and I M (x) are fixed and moving CT image intensities, respectively;
In our analysis, the maximum intensity difference was defined as the intensity difference which was larger than 95% of all differences. For simplicity, we shall now refer to RMS int , MAD int and MID int collectively as intensity-based measures. While these metrics may reflect the success of the optimization procedure in registering the images, they unfortunately do not assess the validity of the deformations computed by the algorithms, as will be shown in section 3.
Qualitative validation involves the use of individual experts to assess image registration through the use of difference images, or display tools such as image overlays. This method suffers from a lack of a quantifiable metric to rank the quality of a given registration, and like the calculated metrics, cannot clearly reflect the validity of the deformation fields. After the completion of image registration, two radiation oncologists identified reference points on selected anatomical and physiological landmarks (e.g. the most anterior, lateral and posterior extent of lung parenchyma, the junctions of the anterior and posterior mediastinum with chest wall and most lateral extent of mediastinal contour within each hemi-thorax) on the RTTP CT and registered CT sets in a double-blind study. The TRE was then calculated as the average distance between locations of these reference points as placed by radiation oncologists in the two CT sets.
Evaluation of SPECT-RTTP CT registration validity requires an additional assessment step. Since CT images are used as input images in the registrations, CT registrations were performed to preserve count density. However, we found that after the SPECT images were deformed and differences in voxel sizes were corrected, the difference in total SPECT counts before/after registration was small (within 3%). As commonly used in SPECT-guided treatment planning studies (Lavrenkov et al 2007 (Lavrenkov et al , 2009 ), functional volume was usually segmented using a certain SPECT intensity as a threshold. Thus, we compared the difference in the functional volume of SPECT images before and after registration through the use of activity histograms. The intensity histograms of the original SPECT and the registered SPECT images were calculated in voxels with more than 10% of maximum SPECT intensities. Then, we calculated the histogram difference of the SPECT intensities (HIST SPECT ) as the sum of absolute volume (instead of number of voxels to account for difference in voxel sizes) difference in each bin:
where V i moving and V i registered are the volume of the ith bin in the intensity histogram of the original and registered SPECT image sets, respectively. We adopted this metric to quantify the change seen in the SPECT image after application of the transformation. Although a small value of this metric does not necessarily suggest a good registration, a large value does indicate that a substantial part of the SPECT activity distribution has been affected by registration. We also scrutinized the spatial transformations to assess the plausibility of the deformation. The determinant of the Jacobian of the displacement field gives information about local volume changes. It is defined as the determinant of the first partial derivatives of the transformation. Negative Jacobian values resemble inconsistent transformation, i.e. singularities or foldings. To assess the amount of singularities in the deformation field, we computed JAC disp , the percentage of negative values in the Jacobian determinant, as done in Urschler et al (2007) . Ideally this measure should be 0.
Results
The results of the six registration methods which were tested in this study, averaged over ten patients, are shown in table 1. We can see a marked improvement in the intensity-based measures from manually placed control points to automatic rigid registration, and the same trend again can be seen for automated rigid to nonlinear registration. The reduction in image differences is consistent with the reduction of TRE based on experts' review (table 1) . However, based on visual examination of the registered SPECT images, we found that those generated from level set and demons registrations were not clinically realistic. Examples are shown in figure 1 where false SPECT counts (local maxima in intensity values in highlighted regions) can be seen. This was largely due to singularities (folding, etc) in the deformation field (figure 2). We also examined the level of preservation in the activity distribution in the registered SPECT images; values of the SPECT-based metric are reported in table 1 as HIST SPECT . The average values of selected CT-based and SPECT-based metrics were normalized to the same scale and are shown in figure 3 . CT-based and SPECT-based metrics increase in opposite directions. This suggests that, while the use of non-rigid registration may result in improved alignment between registered CT images, the resolved deformations as obtained by the demons and level set registration algorithms actually did not result in valid registered SPECT images.
Discussions and conclusions
In this study, we compared the accuracies of six CT-CT registration methods, three of which are linear registration methods that have been previously reported (Christian et al 2005 , Lavrenkov et al 2007 , McGuire et al 2006 , Shioyama et al 2007 . Of these three linear registration methods, rigid (which is based on the mutual information computed from the intensities of both images and not based on manually defined point correspondences) was demonstrated to perform the best based on intensity metrics and anatomical landmarks. In the two control point-based registration methods, the skin method was found to be inferior to the lung method. This suggests that control points identified on anatomical landmarks in lungs provide better information for correct registration than those defined on the skin markers. We further introduced the use of three automated, non-rigid registration methods (B-spline, demons and level set) for image registration in SPECT-guided RT. Improvements in both the image intensity-based metrics and TRE-based metrics were observed in all three the non-rigid methods. However, upon applying the deformation field obtained from demons and level set to the perfusion SPECT, it was determined that the activity distributions in the SPECT images were unacceptably altered. This is likely related to several factors outside the registration algorithm itself. First of all, it is known that the quality of CT images from an SPECT/CT camera is not as good as the conventional CT images. The artifacts as well as noise may have impacted the robustness of the registration algorithms in such a way that they also correct for these artifacts and noise (figure 4), thus producing invalid deformation fields and warped SPECT images. Meanwhile, a typical planning CT scan takes several minutes, whereas SPECT and subsequent CT scans can take more than half an hour. All the participating patients had lung cancer and poor lung function; however, we did not make any additional efforts to allow for patients' comfort during the scans. Consequently, breathing motions during these scans, which are not accounted for or modeled by the non-rigid registration algorithms, may have also been sources of error in registrations.
Neither intensity-based metrics nor TRE-based metrics reflected the problem of invalid deformation field in deformable registrations. This suggests that the use of metrics derived from CT image sets alone (i.e. based on control points or image similarity) do not adequately reflect the quality or accuracy of the actual registrations. Consequently, in lieu of manually inspecting the obtained displacement fields and registered SPECT images, calculation of the JAC disp and HIST SPECT measures served as a useful 'sanity check' on the registration solutions. We draw two important conclusions here: (i) when applying the deformation parameters obtained from registration of CT to CT, it is valuable to examine how the SPECT image will be deformed. (ii) Controlling the smoothness of the displacement vector field by setting the regularization parameter is an important issue that can be crucial in deciding whether the resulting SPECT image is valid or not.
In future work, the non-rigid registration algorithms will be modified so as to explicitly enforce volume preservation (positive Jacobian), as proposed in Noblet et al (2004) , and the preservation of SPECT count distributions. Further, we are currently exploring approaches for automatically setting the regularization parameters either based on training data or quantifying image reliability as in McInotosh and Hamarneh (2007) , McInotosh and Hamarneh (2009) and Rao et al (2009) .
While this study focused on deformable co-registration for the purpose of registering SPECT images to the planning CT, the results have broader implications. Deformable co-registration is becoming a common feature of treatment planning systems and adaptive radiation therapy (ART). Properly implemented ART requires that doses to normal tissues and target volumes be tracked through treatment on a voxel-by-voxel basis (Castadot et al 2008) . Imaging modalities such as daily MVCT used in tomotherapy can be used for the purpose of daily image acquisitions (Lu et al 2006) . Currently published deformable co-registration studies have emphasized a need for daily MVCT pre-processing (Yang et al 2009) , and for the evaluation of co-registration accuracy using metrics similar to those used in this study, as well as visual examination of delineated contours. In this study, we had the benefit of inspecting the accuracy of co-registration by comparing pre-and post-warp SPECT intensity distributions in lung. We showed that certain quantitative evaluation methods of CT-CT co-registration have ranked the demons and level set methods as the best even though subjective evaluations of the deformed SPECT images did not indicate so. This applies to both metrics based on Hounsfield Units and calculations of TRE. The latter is seen as a definitive clinical validation. This is unfortunate because our experimental results have clearly shown that these measures are insufficient for validation purposes. We conclude that clinical implementation of ART should also incorporate subjective evaluations of registration results by oncologists, therapists, or physicists before treatment plan adaptations are made.
